The need for low thrust propulsion systems for maneuvers on micro-and nano-spacecraft is growing. Low thrust characteristics generally lead to low Reynolds number flows from propulsive devices that utilize nozzle expansions. Low Reynolds number flows of helium and nitrogen through a small conical nozzle and a thin-walled orifice have been investigated both numerically, using the Direct Simulation Monte Carlo technique, and experimentally, using a nano-Newton thrust stand. For throat Reynolds number less than 100, the nozzle to orifice thrust ratio is less than unity; however, the corresponding ratio of specific impulse remains greater than one for the Reynolds number range from 0. The need for low thrust propulsion systems for maneuvers on micro-and nano-spacecraft is growing. Low thrust characteristics generally lead to low Reynolds number flows from propulsive devices that utilize nozzle expansions. Low Reynolds number flows of helium and nitrogen through a small conical nozzle and a thin-walled orifice have been investigated both numerically, using the Direct Simulation Monte Carlo technique, and experimentally, using a nano-Newton thrust stand. For throat Reynolds number less than 100, the nozzle to orifice thrust ratio is less than unity; however, the corresponding ratio of specific impulse remains greater than one for the Reynolds number range from 0.02 to 200. Once the Direct Simulation Monte Carlo model results were verified using experimental thrust and mass flow data, the model was used to investigate the effects of geometrical variations on the conical nozzle's performance. At low Reynolds numbers, improvements to the specific impulse on the order of 4 to 8% were achieved through a combination of decreasing the nozzle length and increasing the nozzle expansion angle relative to the nominal experimental geometry. 
model results were verified using experimental thrust and mass flow data, the model was used to investigate the effects of geometrical variations on the conical nozzle's performance. At low Reynolds numbers, improvements to the specific impulse on the order of 4 to 8% were achieved through a combination of decreasing the nozzle length and increasing the nozzle expansion angle relative to the nominal experimental geometry. 
Introduction
Future micro-and nanosatellites will require low thrust propulsion systems for orbital maneuvers to counter the effects of trajectory perturbations and for fine attitude control.
Micropropulsion systems for these vehicles are expected to have thrust in the range from 1 µN to 1 mN. For propulsion systems that utilize nozzle expansions, the low thrust levels will require either low pressure operation or a decrease in the throat dimensions, both potentially leading to low Reynolds number flows. The further development of efficient micro-chemical and electrothermal thrusters is associated with high stagnation chamber temperatures, which will also continue the trend toward decreasing the Reynolds number. Therefore, the numerical and experimental investigation of low Reynolds number flows has become increasingly important for designing efficient, low thrust nozzles.
It is well known that the Reynolds number is a measure of the nozzle efficiency in terms of the viscous losses inherent in the subsonic layer near nozzle surfaces. At sufficiently low
Reynolds numbers, the viscous losses within a micronozzle become large enough for the specific impulse along the nozzle centerline to decrease from the nozzle throat to the exit plane 1 , perhaps making the divergent nozzle contour useless. In the transitional flow regime, therefore, a thinwalled sonic orifice may outperform, or at least perform as well as, a typical micronozzle. propulsive efficiency relative to a nozzle expansion at low Reynolds numbers.
The main goal of this work is to study experimentally and numerically the performance of a thin-walled, squared edge orifice and a DeLaval nozzle in the transitional flow regime. The primary objectives are to compare the relative performance of the nozzle and orifice geometries, find the range of Reynolds numbers where the gas expansion through a micronozzle geometry is no longer valid from an efficiency standpoint, and investigate design parameters such as expansion angle and length which can improve micronozzle performance at low Reynolds numbers. The study also extends the low end of the Reynolds number range, compared to previous studies, by extending operating conditions down to the free molecule flow regime.
Orifice and nozzle thrust for an inviscid flow
To compare micronozzle and orifice performance, as prescribed above, it is advantageous to use the relative thrust or Isp ratios at a specified pressure or throat Reynolds number. The
Reynolds number at a nozzle throat or a thin-walled orifice exit plane is defined as
The throat density, ρ * , and the throat velocity, u * , are calculated from measured stagnation conditions and the quasi one-dimensional flow relations. The viscosity at the throat or orifice exit plane is
Thruster performance is determined by considering the thrust and Isp ratio between a nozzle and a thin-walled orifice case with the same stagnation conditions. There are two limits that need to be considered, free molecular and continuum. The free molecule analytical solution for an infinitely thin orifice case is
There is no analytical solution available for the free molecule nozzle case, since it depends inherently on the nozzle geometry and gas-surface interactions.
Assuming there is no background pressure, the isentropic continuum thrust from an infinite expansion ratio nozzle is for finite Reynolds numbers with supersonic conditions, which cannot be used for the nearly sonic cases considered here. Therefore, Eq. 5 is utilized for thrust calculations in this work. To calculate the thrust from a nozzle or orifice from Eq. 5 using a NS solver, one needs to implement the formulation of the NS equations with separate temperature components.
Experimental Setup
All thrust measurements were performed on the nano-Newton Thrust Stand (nNTS) which has been described in detail by Jamison, et. al. 14 The nNTS was installed in Chamber IV of the Collaborative High Altitude Flow Facilities (CHAFF-IV) which is a 3 m diameter by 6 m long cylindrical, high vacuum chamber. The facility was pumped with a 1 m diameter diffusion pump with a pumping speed of 42,000 L/s for helium and 25,000 L/s for molecular nitrogen.
The ultimate facility pressure was approximately 10 -6 Torr with all operational pressures below 10 -4 Torr. A previous study 15 has shown that at these background pressures and corresponding thrust levels there is no evidence of background pressure effects on the thrust measurements in CHAFF-IV.
The thin-walled orifice used in this study is shown schematically in Fig. 1 . The 1 mm diameter orifice was attached to a plenum with a cross-sectional area much larger than the orifice area to help ensure uniform flow. The orifice was machined in a 0.015 mm thick tantalum shim giving t /d = 0.015. The thin-walled geometry was chosen to minimize the viscous effects in the orifice flow.
The conical De Laval nozzle used in this study is shown schematically in Fig. 2 . The conical nozzle was scaled from the geometry used by Rothe. 10 The scaled Rothe geometry has a 30° subsonic section, a relatively sharp 1mm diameter throat with radius of curvature r c = d t 4 , a 20° diverging section, and an expansion ratio of 62.4. This geometry was selected due to the extensive experimental data that exists 10 which was previously used to verify the DSMC model's accuracy. 1 The nozzle was machined from aluminum and attached to a cylindrical aluminum plenum and mounted on the nNTS. Figure 3 shows a scanning electron microscope image of the nozzle side wall where the surface features caused by the machining process are clearly evident.
The effect of the rough diverging section walls on the nozzle's performance will be investigated in the following sections.
The stagnation pressures for the orifice and nozzle were measured inside their respective plenums using calibrated pressure transducers. The propellant was introduced to the plenum through an adjustable needle valve located downstream of a mass flow meter. In the experimental configuration, the mass flow meters were operated in the continuum regime throughout the pressure range investigated. The propellants used were molecular nitrogen and helium. In this study, the stagnation pressures ranged from several milliTorr to approximately 17
Torr for both propellants, and the stagnation temperature was measured to be 295 K. The combination of stagnation pressure and temperature gave maximum Reynolds numbers of 350
for nitrogen and about 150 for helium.
The nNTS was calibrated using the gas dynamic and electrostatic calibration techniques described by Selden and Ketsdever, 16 which have been validated through experimental and numerical analysis. A unique feature of the nNTS is its ability to measure the force levels of the 1.0 mm orifice and nozzle geometries from the free molecule through continuum range. The low thrust measuring capability of the nNTS allowed for the investigation of the transitional flow regime overlooked in previous low Reynolds number nozzle studies.
Numerical method
The flow and geometric conditions of the experimental setup described above were simulated and used for validation of the DSMC models and parameters. All walls were assumed to be at a temperature of 295K (as measured in the experiments), and the gases considered include helium and nitrogen at a stagnation temperature of 295K. A background pressure of zero was assumed in the calculations. The throat Reynolds numbers ranged from 0.02 to 270 to adequately cover the range of the experimental data. After the numerical model was analyzed, it was used to study the impact of nozzle parameters of interest. First, the half angle of the diverging section of the nozzle was varied from the experimental case (θ = 20°) to 25°, 30°, and 40° while keeping the wall length, l w , constant. Second, the nozzle diverging section length was then shortened from the experimental length to L/2 and L/3.
The SMILE computational tool based on the DSMC method was used in the numerical part of this work. Details on the tool may be found elsewhere. 17 The SMILE capabilities that were used in the present work include two-level rectangular grids adaptive to flow gradients, different grids for collisions and macroparameters, and parallel implementation with a static load balancing technique. The majorant frequency scheme was employed for modeling molecular collisions, 18 and the variable hard sphere model was used for modeling intermolecular interactions. The discrete Larsen-Borgnakke model [19] [20] with temperature-dependent rotational relaxation number was utilized for rotation-translation energy transfer. The Maxwell model with different values of accommodation coefficients was used to model gas-surface interaction. The background cell size was a fraction of the mean free path at the throat conditions. Over 2 million simulated particles were used in the nozzle cases, and over 6 million particles were used in the orifice cases.
The difficulty with calculations involving subsonic boundary conditions is attributed to the upstream influence of the downstream flow. To deal with these effects, results must be independent of the domain size. For the orifice, the simulated plenum (subsonic section) was The effect on the nozzle thrust with a throat Reynolds number of 200 was found to be negligible.
The computed thrust for 60 * Re = was found to be up to 3% different for the subsonic boundaries located at M = 0.1 and 0.3 compared to thrust computed with the plenum domain included. The difference was due to the impact of the viscous interaction layer in the converging section. Therefore, the plenum geometry was used throughout the remainder of this study, and the plenum dimensions remained constant for all subsequent simulations.
Results and Discussion
A. Orifice and nozzle flow structure For the largest Reynolds number considered, Re * = 200, the nozzle flow is also dominated by surface interactions. In this case however, an inviscid core starts to form, and the sonic line is located close to the nozzle throat. Still, the viscous interaction layer is very large and visible even in the converging section. At the nozzle exit, the Mach number drops from about 3.2 at the nozzle exit to less than unity at the lip.
Relatively large mean free paths and strong surface effects cause a significant nonequilibrium between translational modes in both the orifice and the nozzle flows. The extent of flow nonequilibrium is illustrated in Fig. 6 , where the ratio of T x (the temperature calculated using only particle velocities in the axial direction) to the overall translational temperature T is presented for the orifice geometry. It is seen that for Re * = 10 there is a significant degree of translational mode nonequilibrium inside the plenum. In the core flow downstream from the orifice, the temperature in the axial direction is significantly larger than that in the radial direction due to the flow expansion (the axial component of velocity is largest closer to the axis).
The radial component is larger for the flow angles larger than about 45
• from the axis. percent lower than the maximum value. The maximum in the axial velocity is due to the low density expansion region above the plenum (large angles from the centerline). The molecules from that region have a very low probability of backscattering to the plenum compared to the molecules that leave the orifice near the centerline. Therefore, the impact of the returned molecules is lower at larger radial distances.
The axial velocity profiles across the nozzle exit are shown in Fig. 9 . It is interesting to note that whereas the velocity is much larger on the nozzle axis for Re under consideration, the axial velocity tends to decrease with radial distance.
B. Comparison of experimental and numerical results
The comparative performance analysis of an orifice and a nozzle has been conducted numerically and experimentally at different conditions in the free molecular and transitional flow regimes. The computational results for helium flow over the entire range of Reynolds numbers considered are given in Table 1 . As expected, thrust and specific impulse increase with increasing Reynolds number for both the orifice and nozzle. The rate of this increase, however, is different for these geometries. As a result, the relative performance, represented by the ratio of the nozzle to orifice thrusts and specific impulses, has a minimum.
Consider the mechanisms that govern the relative performance characteristics for different Reynolds numbers. At large Reynolds numbers, where the flow is near-continuum and the surface effects are less pronounced, the thrust ratio should approach some continuum limit value. The increase in flow rarefaction causes a larger impact of the surface, and the surface effect is more important in the nozzle geometry, where the surface to volume ratio is much larger than for the orifice.
In the opposite limit of the free molecular flow, the nozzle geometry and the gas-surface interaction law primarily influence the thrust ratio. It may generally be much larger than unity for a specular surface, and less than unity for a diffuse surface. In the presence of molecular collisions, when the flow becomes transitional, the thrust ratio is expected to decrease as the viscous interaction layer inside the nozzle becomes important. As a result, a minimum is observed between the free molecular and continuum limits. An interesting fact is that the minimum is located about a Reynolds number of 10 for the thrust ratio, and 60 for the specific impulse ratio.
The orifice and nozzle thrust in the free molecular and early transitional regime has been examined in more detail. The obtained numerical results have been compared with the experimental measurements in Figures 10 and 11 , which present a comparison for a helium flow inside the orifice and the nozzle, respectively, in the range of Reynolds numbers from 0.02 (free molecular regime) to 23. Note that the orifice results, both experimental and computed, begin to deviate from free molecule theory at Reynolds numbers greater than one and remain lower than the corresponding sonic nozzle continuum value at Re > 20.
The experimental and numerical results show that the nozzle thrust does not yet approach its continuum value by a Reynolds number of 20, with the difference of about a factor of two as shown in Fig. 11 . The difference between the measurements and the calculations is somewhat larger for the nozzle than for the orifice, with the experimental slope being steeper. This difference is attributed primarily to the gas-surface interaction model used in the computations as discussed in more detail below.
Comparison of the numerical and experimental results in a wider range of Reynolds numbers is presented in Fig. 12 , where the nozzle-to-orifice thrust ratio is given for a helium flow. Comparison of the experimental data with the modeling results for fully diffuse walls
shows that the calculations are in good agreement with the data at larger Reynolds numbers and overpredict it at lower pressures. The numerical error due to statistical scatter, convergence issues, and boundary conditions is estimated to be on the order of one percent in a single thrust value and two percent in the thrust ratio. The reason for the difference in the slope, apart from experimental uncertainties, lies therefore in the physical model used in the DSMC calculations.
The largest uncertainty in the physical model is related to the gas-surface interaction model. It also has the biggest impact on the thrust slope compared to the molecular interaction potential, chamber conditions, or facility background gas pressure. A number of computations have therefore been performed for incomplete energy and momentum accommodation.
It is suggested by Arkilic, et al. 21 A close examination of the surface structure inside the actual nozzle manifested a very rough, groove-like structure, as illustrated in Fig. 3 , with micron-size grooves set out perpendicular to the main flow direction. The evident surface roughness prompted the authors to introduce a simple model to simulate the roughness. In this model, a fraction of particles, α , is reflected diffusely on the surface, and a complementary fraction of particles, (1− α), is reflected with velocities both tangential and normal to the surface, v τ and η v respectively, taking an opposite sign as compared to the incident particle velocities. This type of reflection is hereafter referred to as antispecular. The diffuse-antispecular reflection kernel may be written as
The results of computations with α = 80 (80 percent diffuse and 20 percent antispecular) are also shown in Fig. 12 . It is clearly seen that whereas the points generally fall further from the experimental data than for the fully diffuse model, the diffuse-antispecular model predicts a thrust ratio slope close to the experimental one.
The comparison of the experimental and computed nozzle-to-orifice thrust ratios for molecular nitrogen is presented in Fig. 13 . The general trend observed for the helium flow, where the numerical results were close to the measurements for the moderate Reynolds numbers, holds for the nitrogen flow as well.
C. Impact of the nozzle geometry
Previous numerical studies 6 of low Reynolds number nozzle flows analyzed the variation of the propulsive efficiency for different nozzle contours: conical, bell and trumpet. Zelesnik, et al 6 showed that the trumpet-shaped nozzle has about 5% higher efficiency compared to a conical nozzle for a stagnation temperature of approximately 300K. However, the easier to manufacture conical nozzle was shown to have a higher mass discharge coefficient.
In an attempt to define an optimum conical diverging nozzle configuration in the low
Reynolds number regime, a set of computations has been performed for different geometrical configurations, with varied nozzle length and diverging section angle. The results were obtained for helium test gas and Reynolds numbers of 60 and 200. The surface accommodation in these computations was assumed to be fully diffuse.
To better understand the impact of the viscous effects on the nozzle efficiency for different nozzle geometries and chamber pressures, the specific impulse has been calculated as a function of the axial distance from the nozzle throat to the exit. Figure 14a Figure 14a shows that the specific impulse increases sharply over the first millimeter past the throat. Further downstream the specific impulse had a maximum and then decreased toward the nozzle exit plane as the influence of the viscous layer increases. Note that the maximum that occurs at X ≈ 0.4L was about 5% larger than that at the nozzle exit.
The numerical results indicated that shortening the nozzle generally resulted in higher axial flow velocities at the nozzle exit plane close to the centerline due to a smaller impact of the viscous layer. However, the total I sp increase amounts to only about 4% when the nozzle was three times shorter than the baseline case for Re The second nozzle geometry parameter varied was the angle of the diverging section. It is well known that conventional high Reynolds number conical nozzles are usually designed with a half-angle of about 15
• , where the nozzle efficiency is maximum. For low Reynolds numbers, the viscous effects become a significant issue that degrades nozzle performance. Therefore, it appeared reasonable to increase the half-angle of the diverging section in order to improve the efficiency. The numerical studies in this work were carried out for the half-angle from 20
• (baseline geometry) up to 40
• . The angle was increased while maintaining a constant diverging section wall length, l w .
Specific impulse as a function of axial station for four different half-angle values and Re * = 60 is given in Fig. 15a . While the general shape of the I sp distribution does not change significantly with angle, there were several important effects associated with the angle increase.
In contrast to the nozzle length change at a constant angle, where the flow was essentially constant over the first millimeter from the throat, the varying angle impacted the specific impulse immediately after the throat. A larger angle caused higher values of axial velocity, which generally resulted in higher thrust and I sp in the diverging section of the nozzle. Further downstream, the viscous layer decreased the nozzle efficiency, which was especially pronounced for smaller angles. A noticeably better nozzle performance was seen for larger angles. Every 5
• increase in the angle resulted in about a 2% increase in the specific impulse at the nozzle exit plane for Re * = 60. At larger Reynolds numbers, the increase of the nozzle angle does not have a strong impact on the flow in the region of the throat, as illustrated in Fig. 15b .
The thrust and specific impulse results for all geometric conditions are summarized in Table 2 . The general conclusion that can be drawn from Table 2 
Numerical and Experimental Uncertainties
There are several uncertainties associated with the experimental effort in this study. First, corrections to the force measurements due to the facility background gas have not been incorporated into the data analysis. However, a previous study 15 indicated that the thrust may be effected by less than 0.5% at the experimental conditions of this work. Second, the standared deviation of the stagnation pressure and mass flow measurements was found to be within approximately 1% over the range used. Third, thrust stand calibration of deflection versus applied force has been approximated to be within 3%. For a given applied force to the thrust stand, the standard deviation of the stand's deflection was less than 1%; however, the accuracy of the calibration system must also be taken into account. Finally, there was some error associated with the manufacturing of the orifice and nozzle. In general, the nozzle throat diameter is known to within 0.5%. Because the orifice was machined from a thin tantalum shim, the measurement of its diameter is not quite as accurate and is estimated to be within approximately 2%.
In addition to the experimental uncertainties, there are a number of numerical uncertainties. Grid resolution, the maximum number of simulated molecules, effects of the subsonic boundary conditions, and the gas-gas collision models all account for a numerical uncertainty estimated to be on the order of 1 to 2%. The effects of the nozzle surface roughness present in the experimental device are not known, although a simple diffuse-anti-specular model was used. However, it is not known to what extent the nozzle surface roughness contributes to uncertainties in either the numerical or experimental data.
Conclusions
Low Reynolds number flows through nozzle and orifice geometries have been investigated both numerically and experimentally. The DSMC results show that the viscous effects dominate the flow for Re * = 60. This result has been seen in previous studies 1 and prompted the investigation of thin-walled orifices for thrust generation, since presumably an orifice would not exhibit large viscous interaction regions. Experimental results indicate that at Re * < 100 the thrust generated by an orifice is indeed larger than that of the nominal conical nozzle for helium and nitrogen. However, the nozzle remains more efficient (based on I sp ) than the orifice throughout the range of I sp investigated. There is a minimum in the nozzle to orifice specific impulse ratio around Re * = 60 for helium. Therefore at some Reynolds numbers, it may be advantageous to use a simple orifice geometry in this range over a nozzle geometry that is complicated to fabricate.
In general, the experimental and numerical results for the nozzle to orifice thrust ratio are in good agreement (within a few percent). The results obtained with an anti-specular gas-surface interacton model for DSMC show better qualitative agreement with the slope of the thrust ratio data than the standard Maxwell model. The anti-specular model was investigated based on scanning electron microscope images of the nozzle's surface roughness caused by the machining process. Although the exact influence of the surface roughness is unknown, it appears to have a measurable effect on the nozzle's performance.
Once the DSMC model results were verified using experimental data, the model was used to assess geometrical variations on the conical nozzle's performance. Both the diverging section length and angle were varied to assess the effect on nozzle performance. Little effect was seen in improving the performance for Re * = 200 where all variations were within 2%. However, an 8% improvement in I sp was seen for a Re * = 60 helium flow when the expansion angle was doubled from 20
• to 40
• . At Re * = 60, it was also shown that shortening the diverging section length improved the nozzle's performance. Previous studies 6 have shown that using trumpet geometries may further improve the performance over a conical geometry by as much as 5% at low Reynolds number. Therefore, reasonable improvement of nozzle performance for Re * < 100 can be realized through the use of numerical simulations to optimize geometry. , sec
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